Introduction
Ferrofluids consist of magnetite particles (Fe 3 O 4 ) with a diameter of 10 nm dispersed in water or oil. The fluids display paramagnetic properties and have been used as an actuator for micropumps [1] [2] [3] [4] [5] , microvalves [1] , micromixers [6] and nanocytometry [7] .
Ferrofluids can be pumped effectively in closed-channel geometries both in the macroand micro-scales using spatially travelling, and sinusoidal time-varying magnetic fields [8] . Moreover, ester oil-based ferrofluid is immiscible with water. Hence, this fluid may also serve as a covering oil (similar role as mineral oil) to prevent the evaporation of
water. An external magnet may also be used to hold the ferrofluid in place, which in turn restrains the aqueous medium in a microchannel. Moreover, this dynamic plug caters for the expansion of fluid during heating.
Whole-cell PCR is a variant PCR technique which involves direct addition of intact bacteria cells to PCR reaction. Whole-cell PCR is usually implemented in integrated PCRcapillary electrophoresis microchips [9] [10] [11] or bacteria cells captured system [12] [13] [14] . The thermal lysis step was important to lyse the bacterial cell, to release and denature the genomic DNA template, and to inactivate the nuclease protein. Initial thermal lysis in these devices was realized at ≈94°C for a period of holding, prior to PCR thermal cycling.
Prolonged heating of a miniature sample may result in rapid reduction of its volume, when it is not well-handled. On top of this, heated fluid also expands rapidly in microchannel.
Here, a novel technique of using oil-based ferrofluid to circumvent the evaporation of aqueous samples was introduced in LOC to resolve the issues. This dynamic plug held the sample in place during heating in the thermal lysis step, allowing whole-cell polymerase chain reaction (PCR) to be implemented in the magnetic actuation for PCR microchip system [2, 3, 15] . The ferrofluid also served as the actuator to propel the PCR mixture along the circular closed-loop microchannel through different temperature zones. In the initial publication, the PCR protocol only consisted of thermal steps of denaturation, annealing and extension, without the pre-denaturation step [2] . This truncated PCR protocol was widely adapted in most PCR microchip system [16, 17] .
Previous applications dealt with treated DNA samples for standard PCR. However, preliminary studies showed that the thermal protocol affected whole-cell PCR dramatically. Without this pre-denaturation step, the bacteria were not properly lysed.
On the other hand, the addition of this extra thermal step in the thermal cycling profile rendered undesirable evaporation of the PCR sample. Moreover, the sample volume of 5 μL was small, leaving a limited volume for further downstream analysis. Hence, the addition of the pre-denaturation step was necessary for whole cell PCR to work on the microchip system. The ferrofluidic plug was an important component to facilitate the heating process of the sample.
Experimental

PCR samples preparations
The bacteria cells were prepared by transforming the plasmid pUC19 DNA cloning vector into DH5α competent cells (Invitrogen, CA, US), according to the manufacturer's protocol. LB medium and agar were prepared according to manufacturer's instructions (1st Base, Singapore). During this preparation, 100 µg/mL of ampicillin was added to the medium and agar to allow only pathogen with ampicillin resistance gene to grow.
A sample of 100 μL of the transformant products was plated onto LB plate with 100 µg/mL ampicillin, incubated overnight at 37°C, to check for transformation efficiency. The rest of the products were added into a culture tube containing 10 mL of LB medium with 100 µg/mL ampicillin. They were cultured overnight at 37°C, 200 rpm in the incubator. The cell culture of ≈6×10 5 cells/mL was then serially diluted by 10-fold with LB medium with 100 µg/mL ampicillin. A sample of 100 μL of the serial diluted cell cultures from 0 to 6×10 5 cells/mL were plated onto LB plate with 100 µg/mL ampicillin for colony count, to find out the exact amount of cells that it contained. Excess cell cultures were stored at 4°C temporarily and were thrown away after 3 days.
Primers pairs A, B and C were designed to prime out DNA base pair (bp) size of 209, 480 and 711 respectively in the pUC19 (GenBank accession L09137), using primer-blast. 
PCR in microchip system
Whole-cell PCR was then performed in the magnetically actuated circular closed-loop PCR microchip system. 2 μL of ester oil-based ferrofluid and 5 μL of prepared PCR mixture were loaded onto the access port of this microchip. The samples were loaded into the microchip by centrifuge, Fig. 1 . This microchip design, loading and retrieval technique was reported in another paper [18] . This microchip was fabricated using polymethyl methacrylate (PMMA) by laser ablation and thermal bonding. The chip measured 25 mm in width, 42 mm in height and 1.05 mm in thickness. The circular PCR channel had a diameter of 20 mm, a width of 0.375 mm and height of 0.3 mm, and a resultant volume of ≈7 μL. Silicon oil was used to cover the access holes of the microchip to prevent evaporation of the PCR mixture. This loaded microchip ( Fig. 1 ) was then placed on the microchip system for PCR amplification [2, 19] . An external rotary permanent magnet guided the ferrofluid plug along the circular channel. This plug, in turn, propelled the PCR mixture along the various discrete temperature zones. These zones were formed by the heater unit which consisted of three blocks, Fig. 2 . The temperature could be set independently in each block. The thermal lysis/denaturation step was included in the thermal cycling profile for whole-cell PCR.
In the thermal lysis step, the ferrofluid plug was held as shown in Fig. 2(a) . The block with the ferrofluid plug above it, was set to be 60°C; the other two blocks with the PCR mixture above it were set to be 94°C. The ferrofluid plug was held in place by the stationary magnet. The ferrofluid in the microchannel could act as an actuator in a pump or microvalve. Here, the ferrofluid plug was held in place to block the opening of the circular channel reducing the evaporation of the PCR mixture. The duration required for thermal lysis was investigated and will be discussed later.
Next, the heater unit was set to cater for denaturation (94°C), annealing (60°C) and extension thermal steps (72°C). The external rotary magnet actuated the ferrofluid plug in the circular channel. Since the oil-based plug was immiscible with an aqueous PCR mixture, the mixture was propelled by the movement of this plug along the channel through the discrete temperature zones, Fig. 2(b) . One thermal cycle in this system was 36 seconds and the total runtime was 15 minutes for 25 cycles. At the final extension step, one of the blocks with the ferrofluid plug above it, was set to be 60°C, the other two blocks were set to be 72°C, Fig. 2(c) . This step allows the final extension for 3 minutes. During sample retrieval, the microchip was placed inverted in a clean sterile 50-mL centrifuge tube and centrifuged. The samples dropped onto the bottom of the tube. The oil-based ferrofluid and PCR mixture are immiscible, so the PCR mixture can be removed easily by a pipette. An external magnet can also be used to separate the two fluids.
To investigate how the duration of the thermal lysis step affects whole-cell PCR in this microchip system, 0. 
Results and discussion
Thermal lysis step
The duration of thermal lysis step, from 0 to 15 mins, was investigated to understand its effect on the whole-cell PCR. No DNA band was observed in the gel image for duration of the thermal lysis step at 1 min and below, implying that there was no PCR amplification. Apparently, insufficient time was given to activate the hot start polymerase or to lyse the cells. Clear DNA band were observed for the duration of 3 min and above. This showed that a successful PCR was performed. Long duration of thermal lysis step with 5 minutes and above, evaporation of the PCR mixture reduced the total volume left. The volume left behind could be as low as 3 μL after 15 minutes. Hence, in the later experiments, effort was made to position the ferrofluid plug in the microchip as shown in Fig. 2(a) and the duration of the thermal lysis step was set to be three minutes.
Detection limit for microchip system
The detection limit for this microchip system was explored by doing whole-cell PCR on serially diluted cultures. Fig. 3(a) shows the gel image obtained from one of the five repeated experiments. The DNA products are successfully detected down to four bacteria cells. This number of the cells was calculated by using colony count on LB plate with 100 μL of the bacteria culture.
The band intensity of the DNA products were calculated and compared against the number of cells. This relationship was then plotted in Fig. 3 
Comparison with thermocycler system
The whole-cell PCR results obtained from the microchip system was compared to the thermocycler. Fig. 3(c) shows the number of cells against band intensities of the DNA product. The graph profile obtained for thermocycler system (Fig 3(b) ) was comparable to the microchip system (Fig. 3(c) ). The lower limit of detection for the thermocycler system was two cells, which was lower than the microchip system. It is normal for the detection limit of the thermocycler system to be lower. This is due to the amount of sampling volume in thermocycler system (2 μL) is four times larger than the microchip system. Larger sampling volume allows higher probability and chances to capture a physical cell from a diluted cell culture in the tube.
Advantages of microchip system
Whole-cell PCR allows immediate PCR of intact bacterial cell without the needs of DNA extraction. The run-time for each whole-cell PCR runs in this microchip system was around 20 min for 24 thermal cycles which was comparable or shorter than previous works [9] [10] [11] and conventional thermocycler system. The sample throughput in this report was a single sample run, but can be made to accommodate up to four or more parallel sample runs [3] . Further work may involve integration of bacteria capturing system to filter the bacteria from human serum before whole-cell PCR is performed.
Advantages of ferrofluid plug
The ester oil-based ferrofluid plug at the opening of the circular channel of the microchip reduced the effect of the evaporation of the PCR mixture, Fig. 2(a) . If the plug was positioned otherwise, the amount of product being retrieved was none or too little to be used for gel electrophoresis. The use of silicon oil to cover the access hole of the microchip was insufficient to prevent the evaporation of the PCR mixture, because the temperature involved was 94°C, which was close to the boiling point of water, and the duration of heating was relatively long. A solid plug such as a rubber plug cannot be used in replacement. The plug may be too big to fill into the channel or will loosen itself due to heating. Furthermore, elastic polymer material such as PDMS may also melt due to heating.
The oil-based ferrofluid plug served a very important role in preventing the evaporation of the samples in whole-cell PCR for this microchip system. The plug held the sample in place and allowed prolonged heating in thermal lysis step to occur.
Majority of the precious samples would have been lost to evaporation without this plug.
This generic concept of using ferrofluid plug as a valve to contain the fluid that requires heating may be applicable for other future LOC devices. Ferrofluids can maintain its performance at temperature of 150°C continuously or 200°C intermittently. The pressure held by the ferrofluid plug restrains the water from evaporating in the microchannel. More importantly, this plug is dynamic and can cater for the expansion of fluid during heating. Moreover, an external magnet can also be used to separate these fluids easily. The ferrofluidic pumping concept can be improved by using a travelling magnetic field [20] or a stepper micropump [21] , instead of the current external rotatory magnet. This may allow better control of the ferrofluidic plug in the microchannel.
Conclusions
Ferrofluid was made to form a dynamic plug to contain the samples in the microchannel during the thermal lysis step, preventing excess evaporation of the sample. The magnetically actuated circular closed-loop microchip system was demonstrated to be proficient of performing whole-cell PCR rapidly. The limit of detection was down to four cells. The band intensities from PCR were comparable to a regular thermocycler. Runtime was shorter or comparable to other microchip and conventional thermocycler system. Overall, the microchip system shows a robust performance for whole-cell PCR. 
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